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Infrared sample digestion technology has been rapidly developed in recent years and its application and
digestion performance on a variety of ores of base metals was assessed in this study, using a 6-channel
infrared digester. Digestion times of 10 min or less were achieved for all base metal ores investigated,
including oxides, sulﬁdes, and silicates of Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Ti, W, and Zn. Performance
criteria for all samples were excellent, reﬂected in z values of less than 2 in all cases. Various acid
digestion methods were developed for the selected ore samples under high intensity infrared radiation
and delivered virtually complete recoveries of all of the elements of interest. Chromite, the notoriously
refractory chromium ore was digested within 10 min and gave 100% recovery of chromium. These di-
gestions were accomplished without resorting to perchloric acid and, for most sample types, without
hydroﬂuoric acid, signiﬁcantly improving the workplace safety for analysts. Between-channel variation
of the analyte recoveries from the 6-channel unit were generally below 2%, suggesting that the digestion
methods developed with this platform provide reproducible results to meet various sample preparation
demands. The high speed and analyte recovery of these digestions makes this methodology especially
attractive for prospectors and developers who demand rapid and reliable results from exploration
samples.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Accurate characterization of metals in ores is a crucial step in
economic mining. The viability of a mine for potential development
and the estimation of its commercial value depend heavily on this
information. Another important factor for exploration in the min-
ing industry is turnaround time of data for samples from sampling
campaigns. The expense of drilling makes it imperative to get rapid
feedback to both reduce the number of useless cores, and to reduce
the extent of damage to the environment, caused by unnecessary
intrusions into pristine areas. There is a constant demand from the
mining industry for faster and more cost-effective methods for the
determination of various elements in ores, while maintaining
quality analytical attributes, such as high recovery and method
reproducibility. Acid digestion techniques have long been popular
in this application, since the cost of digestion is relatively low andB.V. This is an open access articlethese methods introduce less background during instrumental
determination, compared with other methods, such as fusion, that
have high spectral backgrounds and can also be a source of
contamination. To date, hot block andmicrowave digestions are the
most adopted acid digestion techniques for the determination of
base metals. In the case of hot block digestions, relatively large
volumes of acids are consumed during digestion and fugitive
emission of acid vapour is observed. Closed-vessel microwave di-
gestions are not readily adaptable to sequential digestion processes,
as described below. Open vessel microwave digestions, although
excellent for many environmental samples, are problematic. Taylor
et al. sum up the problems with open-vessel microwave and hot
block digestions in their 2002 paper: “The microwave digestion
method gave poor results for granitic samples containing refractory
minerals, however fusion was the preferred method of preparation
for these samples. Sample preparation time was reduced from
several days, using conventional hotplate digestion method, to one
hour per sample using our microwave method.” [1] Mester and
Sturgeon recently published an exhaustive monograph on sample
preparation for trace element determination, which provides anunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. ColdBlock 6-channel digestion system.
Table 1
Wavelengths used for the determination of elements (primary Line) and secondary
(QC Line) wavelengths.
Analyte Primary line wavelength (nm) QC line wavelength (nm)
Co 340.512 345.351
Cr 425.433 357.868
Cu 324.754 510.554
Fe 371.993 373.486
Mo 379.825 386.410
Mn 403.076 257.610
Ni 352.454 341.476
Pb 405.781 363.957
Sb 217.581 231.147
Ti 336.122 323.452
W 400.875 429.461
Zn 213.857 481.053
Y. Wang et al. / Analytical Chemistry Research 7 (2016) 17e2218excellent review of digestion methods for the analyst [2].
Digestion time, however, continues to be the rate-limiting step
in the analytical process. Chromite is an example of a mineral phase
that is notoriously difﬁcult to digest. For example, in a 1999
application note, CEM describes a two-step application for the
digestion of chromite ore; the ﬁrst step uses a mixture of sulfuric,
phosphoric, and nitric acids, and the second step uses nitric acid,
with a total digestion times of 2 h, ignoring the time needed for cool
down, opening the digestion apparatus, adding the next charge of
acid, closing the vessel and resetting it in the microwave oven [3].
Hot block digestions of chromite with acid mixtures are avoided,
and fusion is recommended “… for samples containing refractory
minerals e.g. chromite that are difﬁcult to bring into solution by
other means.” [4].
Base metals ores are frequently analyzed in research and com-
mercial laboratories. The ores of these metals are commonly found
in the forms of sulﬁdes, oxides and silicates. In this work, the
digestion of a range of basemetal ores (Co, Cr, Cu, Fe, Mn,Mo, Ni, Pb,
Sb, Ti, W, and Zn) was investigated to gather baseline information
on the effectiveness and efﬁciency of this novel digestion technique
as, to our knowledge, there has been no systematic research re-
ported in the past on infrared-based digestions for ores. The overall
performance of the infrared digester, which was developed from a
prototype used in previous work [5,6], was also evaluated. Novel
chemistry was developed to facilitate the release of the analytes of
interest where the conventional method was ineffective. A signif-
icant distinguishing attribute of the infrared digestion technology is
the process whereby samples are digested. The working hypothesis
that provides a mechanism for the relatively facile digestion of
samples suggests that the surface of particles of the sample are
directly heated by the infrared radiation, thereby causing localized
superheating of the surface that sits in the boiling acid. We infer
that reaction of the acid with the superheated surface likely ac-
celerates the dissolution process. Digestion temperatures are
controlled essentially by the boiling points of the acid(s) used,
which can vary signiﬁcantly between approximately 110 C in the
case of nitric acid, to 340 C in the case of sulfuric acid.
2. Experimental
2.1. Design of the 6-channel infrared digestion system
A 6-channel infrared-based digestion systemwas obtained from
ColdBlock Technologies Inc. (St. Catharines, ON, Canada), and was
used for the dissolution of a range of ores described in this study.
The principal advantage of this model over preceding designs is
that it can perform six digestions simultaneously. This enhance-
ment allows greater sample throughput and faster turnaround. The
heating chamber of the commercial 6-channel unit is closed for
safety reasons. Tinted glass windows were installed in the sides of
the heating chamber for real-time observation of the digestion
progress. Sleeves were placed to enclose each set of heating rings
such that stray radiation would not heat the neighbouring rings,
which could result in their burning out (Fig. 1). Specially designed
Teﬂonwatch glasses were used tomaintain a semi-closed system to
minimize cross-contamination. The Peltier cooling unit in earlier
models was replaced by a metal cooling block that is cooled by a
more energy-efﬁcient chiller from Julabo GmbH (Seelbach, Ger-
many). The heating program is identical for all six channels and is
controlled by computer software through a programmable power
controller (Nucomat, Belgium).
2.2. Analytical instrumentation
A nitrogen-based microwave plasma e atomic emissionspectrometer (MP-AES) (MP4200) from Agilent Technologies
(Mulgrave, VIC, Australia) was used for the determination of Co, Cr,
Cu, Fe, Mn, Mo, Ni, Pb, Sb, Ti, W, and Zn. Samples were also cross-
examined with a PerkinElmer (Sheldon, CT, USA) OPTIMA®
inductively-coupled plasmae optical emission (ICP-OES) dual view
(DV3300) spectrometer as part of the quality control (QC) program.
The spectrometers were calibrated regularly to ensure that the
detector was functioning at the optimized sensitivity. The primary
wavelengths used in MP-AES determinations and a second set of
(quality control (QC))wavelengths are summarized in Table 1.
Spectral interferences were expected and unavoidable for
atomic emission spectroscopy determinations (see Table 2). For this
reason, each wavelength was scrutinized for signiﬁcant overlaps
before selection. In addition, at least one other wavelength was
selected for each element such that the results generated by the
primary wavelength could be veriﬁed. The Agilent microwave
plasma spectrometer interrogates atomic lines, since it uses a
relatively cool plasma.2.3. Reagents
Analytical-grade (single distilled) nitric acid (68e70% m/v),
hydrochloric acid (36.5e38% m/v), phosphoric acid (min 85% m/v)
and sulfuric acid (95e98% m/v) were purchased from Caledon
Laboratories Ltd (Georgetown, ON, Canada). Omni Trace® hydro-
ﬂuoric acid (47e51% m/v) was purchased from EMD Millipore
Corporation (Billerica, MA, USA) e although the high-purity of this
acid was nor required, it was available in the laboratory and had
been used for another purpose. Ammonium ﬂuoride (99.99%) for
trace metal analysis was purchased from Sigma Aldrich Co. (St.
Table 2
Instrument parameters.
Nebulizer Concentric glass
Spray Chamber Glass Cyclonic with bafﬂe
Pump Speed 10 RPM
Nitrogen Flow-rate 0.7e1.0 L min1
Read Time 3 s
Replicates 3
Stabilization Time 20 s
Regression Line Greater than 0.999
Viewing Position 0
Y. Wang et al. / Analytical Chemistry Research 7 (2016) 17e22 19Louis, MO, USA). Standards of Co, Cr, Cu, Fe, Mn,Mo, Ni, Pb, Sb, Ti, W,
and Zn at 1000 mg mL1 were purchased from High-Purity Stan-
dards (Charleston, SC, USA) to prepare calibration standards. A
multi-element (QC) standard (QC STD4) that included all of the
target elements (except for tungsten), was obtained from SCP Sci-
ence (Baie d’Urfe, QC, Canada) to serve as a QC solution. The
tungsten QC standard was prepared using a 1000 mg mL1 from
Delta Scientiﬁc (Mississauga, ON, Canada). All sample and working
solutions were preparedwith ultra-pure de-ionizedwater (18.2MU
resistivity) from an Elgastat-Maxima puriﬁcation system (High
Wycombe, UK). Research-grade nitrogen (99.999%) and argon
(99.998%) were supplied by Praxair Technology Inc. (Hamilton, ON,
Canada).2.4. Samples
Certiﬁed reference materials (CRMs) of differing mineralogies
were selected for this investigation. Reference materials were
treated as received and no further grinding or homogenization was
performed. A range of materials, were purchased fromGeostats Pty.
Ltd. (O'Connor, WA, Australia), Ore Research & Exploration Pty. Ltd.
(Bayswater North, VIC, Australia), CANMET Mining and Mineral
Sciences Laboratories (Ottawa, ON, Canada) and National Institute
of Standards and Technology (NIST) (Gaithersburg, MD, USA) for
multi-elemental determinations. The target analytes and compo-
sitions of these CRMs are summarized in Table 3.
Several uncertiﬁed materials were also obtained for the vali-
dation of the digestion methods for real-world applications. A one-
metre half-core of chromite ore, from the “Ring of Fire” deposit in
Northwestern Ontario, Canada, was donated by Noront Resources
Ltd. (Toronto, ON, Canada) for the determination of chromium and
iron. The core was split longitudinally and one of the quarter-cores
was sectioned into ~10 cm sections and a portion of each segment
was then pulverized and screened to 200 mesh. Each homogenized
fraction was treated as an individual sample. Also, an antimony
sulﬁde ore from Honduras was provided by Bright Mega Capital
Corporation (Markham, ON, Canada) that was ground and screenedTable 3
Description of CRMs.
Supplier CRM name Analytes
Geostats GBM398-1 Ni, Cu, P
GBM909-15 Ni, Cu, P
GBM309-16 Cu, Pb, Z
GIOP-117 Fe
GIOP-33 Fe, Ti
GCR-06 Cr, Fe
Ore Research & Exploration OREAS 78 Ni, Co
OREAS 171 Mn
OREAS 189 Ni, Mn,
OREAS 701 W, Cu, F
CANMET CCU-1d Fe, Cu, P
NIST NIST 333a Moto 200 mesh on-site. This sample will be referred to as LM-05.
Although the samples, described above, were not certiﬁed refer-
ence materials, the results are included in this paper to illustrate
the ease of method development, the consistency of performance,
and the speed of sample analyses.
For all CRMs and uncertiﬁed materials, a sample size of
approximately 0.2 g was assayed. This sample size generated
excellent reproducibility for all target elements within all samples.
It is important to recognize the signiﬁcance of appropriate grinding
and homogenization so that such a small sample size can be used to
represent the bulk sample. Furthermore, the rate of digestion and
overall digestion time can also be affected by the extent of
comminution.
2.5. Method of sample dissolution and preparation
During the development of acid dissolution methods for the
digestion equipment, it was found that the methods could be
summarized by two distinct categories. Conventional acid treat-
ment includes regular andmodiﬁed aqua regia (AR) treatments that
were typically used for the digestion of sulﬁdic and siliceous
samples. The second category, high-boiling acid treatment, was
used for more refractory samples, such as metal oxides. This
treatment employed one or more of: phosphoric, sulfuric and/or
nitric acid. It should be noted, that although the molybdenum ore
was sulﬁdic in nature, it fell under the high-boiling acid treatment
because it used sulfuric acid and nitric acid for its dissolution.
Although reverse aqua regia is generally effective for the oxidation
of sulﬁde to sulfur, it was not adequate for the recovery of molyb-
denum in this sample.
Aside from these well-deﬁned treatment categories, it was
recognized that some materials required a speciﬁc treatment that
did not fall into either of the categories, described above. For
example, the antimony sulﬁde sample required nitric acid to
oxidize the sulﬁde and a source of ﬂuoride (hydroﬂuoric acid or
ammonium ﬂuoride), not to break down a silica matrix, but to
stabilize the antimony in solution as the antimony hexaﬂuoride ion.
2.6. Matrix selection, calibration and quality control
All metals under investigation exhibited long term stability in
1% (v/v) HNO3, therefore all samples and standards were prepared
in this matrix solution. Standards containing the same target
metals prepared in a 1% (v/v) HNO3 matrix one year before the
current investigation showed no decline in sensitivity or deviation
from linearity since they were prepared.
Three calibration standards were prepared at 1.0, 5.0, and
10.0 mg mL1 for all base metals investigated. QC standards were
also prepared at 5.0 mg mL1 and any QC reading with deviationof interest Description
b, Zn Coppereleadezinc cap rock
b, Zn Nickel sulﬁde concentrate
n Coppereleadezincesilver massive sulﬁde ore
High-grade (hematite) iron ore
Titano-magnetite iron ore
High-grade chromite ore
Nickelecobalt sulﬁde
Manganese ore
Fe Nickel laterite ore
e High grade tungstenecopperegoldemagnetite ore
b, Zn Sulﬁdic copper concentrate
Molybdenum sulﬁde concentrate
Table 4
Analytical results (mean ± 95% conﬁdence intervals and z-scores) of SRMs by aqua
regia and reverse aqua regia digestion (n ¼ 6).
Certiﬁed value Measurement Recovery (%) RSD (%) z score
GBM398-1
Ni (mg g1) 9436 ± 63 9300 ± 104 99 1.1 0.3
Cu (%) 1.482 ± 0.008 1.53 ± 0.02 103 1.0 0.8
Pb (%) 2.67 ± 0.01 2.63 ± 0.03 99 1.1 0.3
Zn (%) 2.03 ± 0.01 2.14 ± 0.02 105 0.9 1.1
GBM909-15
Ni (%) 11.59 ± 0.10 10.8 ± 0.2 94 1.9 1.4
Cu (%) 1.31 ± 0.01 1.34 ± 0.01 102 0.7 0.7
Pb (mg g1) 2120 ± 22 2020 ± 40 95 1.7 0.8
Zn (%) 2.66 ± 0.02 2.57 ± 0.06 96 2.4 0.7
GBM309-16
Cu (%) 5.23 ± 0.03 5.30 ± 0.08 101 1.4 0.4
Pb (%) 1.48 ± 0.01 1.41 ± 0.02 96 1.4 1.1
Zn (%) 10.53 ± 0.07 10.3 ± 0.1 98 1.1 0.6
OREAS 78
Ni (%) 25.79 ± 0.17 25.3 ± 0.3 98 1.0 1.8
Co (%) 23.74 ± 0.23 23.4 ± 0.2 99 1.0 1.0
OREAS 171
Mn (%) 35.10 ± 0.08 35.3 ± 0.5 101 1.2 1.4
CCU-1d Reverse Aqua regia
Fe (%) 29.26 ± 0.41 29.4 ± 0.3 100 0.8 0.07
Cu (%) 23.93 ± 0.28 24.8 ± 0.3 103 1.2 1.4
Pb (mg g1) 2620 ± 50 2700 ± 50 103 1.8 0.5
Zn (%) 2.63 ± 0.04 2.64 ± 0.02 100 0.7 0.12
Y. Wang et al. / Analytical Chemistry Research 7 (2016) 17e2220exceeding 5% following a set of samples, necessitated recalibration
and re-measurement of the samples, followed by another QC
determination. Calibration curves were blank-subtracted, linear
through zero, and presented a minimum correlation coefﬁcient of
0.9999 for the ICP-OES and 0.999 for the MP-AES.
3. Results and discussion
3.1. General comments
Mainstream commercial laboratories, that perform analyses for
the mining industry, typically apply a control limit of ±10% of
certiﬁed values as primary QC limits for their data [7]. The results
presented in this study not only meet this broad criterion but they
were also examined to determine whether the results meet the
more stringent z-test for which z scores of up to ±2 are generally
accepted in testing as “ﬁt for purpose” [8]. Results of the de-
terminations of elemental concentrations, presented in the tables,
include the z-scores for the results from the analysis of certiﬁed
reference materials. All of the results meet this proﬁciency test.
3.2. Assessment of conventional acid digestions
Aqua regia and four acid mixture have long been standard
digestion media for commercial laboratories when an acid diges-
tion is sought for a multi-elemental determination. The four acid
mixture, comprised of nitric, hydrochloric, perchloric, and hydro-
ﬂuoric acids, has the ability to break down recalcitrant matrices,
such as silicates. This ability has led the four-acid procedure to be
referred to as total digestion. Aqua regia employs one part nitric
acid to three parts hydrochloric acid and generates volatile nitrosyl
chloride and chlorine gas. This mixture must therefore be prepared
fresh or in-situ. Although aqua regia lacks the ability to break down
the silicate lattice, it can often recover all the elements of interest
and reduces the risks to the operator that are associated with
perchloric and hydroﬂuoric acids. In a prior investigation [4], we
assessed the impact of different HCl and HNO3 ratios on the re-
covery of various elements from geological matrices. It was found
that reversing the ratio of the acids in aqua regia helps with the
oxidation of highly sulﬁdic matrices, such as is found in CCU-1d, a
copper concentrate CRM containing more than 30% sulfur that was
also investigated in the current work. This use of reverse aqua regia
to destroy sulﬁde ore was previously reported by Stone [9].
Table 4 illustrates the analytical performance of regular aqua
regia digestions for a range of metal ores of primarily sulﬁdic and
siliceous matrices. The dissolution medium consisted of 6 mL of
hydrochloric acid and 2 mL of nitric acid. In most cases, these di-
gestions methods will not dissolve silica, but the methods provide
excellent recoveries of the elements from silica matrices,
notwithstanding.
The high recovery of the target analytes by aqua regia leach
using the infrared digester, suggests that the use of more dangerous
acids, namely hydroﬂuoric and perchloric acid, can be eliminated
from the digestion of these types of samples. For the highly sulﬁdic
copper concentrate, CCU-1d, the recovery of Fe, Cu, Pb, and Zn was
achieved by a reverse aqua regia treatment. This digestion also il-
lustrates the advantage of the open vessel design, which allows the
stepwise addition of reagents, without the need to open vessels,
and proceeds by ﬁrst adding 6 mL HNO3 to the sample, which is a
step dedicated to removing the sulfur. After 4 min of heating with
HNO3, 2 mL HCl was added, and the solution was heated for an
additional 6 min. This modiﬁed aqua regia method resulted in
dramatically improved sulfur-removal, and only a few, small sulfur
beadswere observed at the end of the digestion, comparedwith the
large sulfur button that formed when normal aqua regiawas used.Good metal recoveries also suggest that no sample pre-treatment
measures, that are often called for in highly sulﬁdic samples, such
as roasting, were required.3.3. Assessment of high-boiling acid digestions
The boiling points of phosphoric acid and sulfuric acid are 158 C
and 337 C, respectively. These higher boiling acids allow the power
to be raised on the infrared digester for greater irradiation of
sample particles without complete evaporation of the acids. In fact,
dehydration of phosphoric acid enables a stronger interaction via
the formation of a pyrophosphate ion. The pyrophosphate ion is an
excellent complexing agent and is able to form complexes with the
various elements in the sample [10]. The formation of metaphos-
phoric acid would also result from this dehydration. Metaphos-
phoric acid or metaphosphate ions can act as a monomer and form
chains or rings of repeating units [11]. These metaphosphate rings
might chelate some of the metals and stabilize them in solution. It
should be noted that prolonged heating of phosphoric acid under
these conditions, however, can lead to a very viscous mixture, and
potentially polymeric phosphate that is difﬁcult to re-dissolve and
can also cause etching of the quartz tube. The addition of sulfuric
acid to phosphoric acid, allows the power to be raised a little higher
than with phosphoric acid alone. Sulfuric acid also keeps the
phosphoric acid from becoming too viscous when it is dehydrated.
Table 5 shows the results from phosphoric acid digestions of a
variety of ores. All of these samples were treated with 6 mL of
phosphoric acid.
Some base metals pose more complications than others in
regards to their digestion and determination. Chromite ores, for
example, are typically described as refractory or even acid resistant
and often take many hours and/or require harsher acids, such as
perchloric acid to achieve complete dissolution of the chromium in
them [12e14]. Although these ores may require a speciﬁed method
of treatment, due to their refractory nature, other base metals may
be simultaneously leached in the same treatment, making it a
multi-element method. Tables 6 and 7 present iron and chromium
recoveries from a chromite CRM and a real-world chromite sample,
Table 5
Analytical results (mean ± 95% conﬁdence intervals and z scores) from phosphoric
acid digestions (n ¼ 6).
Certiﬁed value Measurement Recovery (%) RSD (%) z score
GIOP 117
Fe (%) 69.63 ± 0.03 69.8 ± 0.4 100 0.54 1.2
GIOP 33
Fe (%) 49.3 ± 0.1 47.3 ± 0.5 104 1.1 0.5
Ti (%) 12.20 ± 0.04 11.8 ± 0.1 97 1.1 1.5
OREAS 189
Ni (%) 1.48 ± 0.01 1.44 ± 0.02 101 1.4 1.3
Mn (mg g1) 1758 ± 10 1730 ± 20 99 1.2 0.7
Fe (%) 10.45 ± 0.07 10.1 ± 0.1 97 1.0 1.2
OREAS 701
W (%) 2.43 ± 0.02 2.39 ± 0.05 98 2.0 1.1
Cu (mg g1) 4910 ± 70 4900 ± 100 100 2.1 0.4
Fe (%) 23.02 ± 0.31 23.0 ± 0.2 100 0.7 1.8
Table 6
Analytical results (mean ± 95% conﬁdence intervals and z scores) of GCR-06 by
phosphoric acid, sulfuric acid digestion (n ¼ 6).
GCR-06 Certiﬁed value Measurement Recovery (%) RSD (%) z score
Cr (%) 32.79 ± 0.13 32.6 ± 0.4 100 1.1 0.4
Fe (%) 20.14 ± 0.07 20.3 ± 0.2 101 0.9 0.7
Table 7
Analytical results (mean ± 95% conﬁdence intervals) of Noront core samples by
mixture of phosphoric acid and sulfuric acid digestion (n ¼ 6).
Section Cr (%) Fe (%)
Measurement RSD (%) Measurement RSD (%)
A 26.1 ± 0.2 0.9 13.4 ± 0.1 0.9
B 27.2 ± 0.2 0.8 13.7 ± 0.1 1.0
C 27.6 ± 0.3 1.2 13.5 ± 0.2 1.2
D 28.5 ± 0.4 1.3 13.5 ± 0.1 1.0
E 28.6 ± 0.3 1.2 13.8 ± 0.2 1.4
F 30.0 ± 0.2 0.8 14.7 ± 0.1 0.7
G 30.0 ± 0.2 0.8 14.4 ± 0.2 1.2
H 28.9 ± 0.3 1.1 13.5 ± 0.2 1.5
I 29.3 ± 0.2 0.8 13.9 ± 0.1 0.8
J 29.9 ± 0.2 0.6 13.8 ± 0.1 0.6
Mean 28.6 4.6 13.8 3.1
Y. Wang et al. / Analytical Chemistry Research 7 (2016) 17e22 21respectively. In both cases the digestion medium used was a
mixture of 4 mL H3PO4 and 2 mL H2SO4.
The chromite core from the “Ring of Fire” was assessed for
chromium and iron. The concentrations that were determined by
Noront using fusion-XRF for chromium and iron, averaged over
1.5 m of the core, were 30.3% (m/m) and 14.1% (m/m), respectively.
The reported values, however, were obtained based on the section
of the core from210m to 211.5m but only the section from 210m to
211 m of the core was received and analyzed in the current study.
The data in Table 7 represent this portion of the one metre core in
which each 10 cm section was sampled to give 10 samples, one for
each 10 cm of the core, denominated A-J. The results are in
reasonable agreement with the fusion/XRF data and serve to
illustrate the rapidity and convenience of the digestion technique
for application to real-world samples.Table 8
Analytical results (mean ± 95% conﬁdence interval and z score) of NIST 333A by
sulfuric acid, nitric acid digestion (n ¼ 6).
NIST 333A Certiﬁed value Measurement Recovery (%) RSD (%) z score
Mo (%) 54.86 ± 0.13 55 ± 1 100 1.7 2.0Molybdenum disulﬁde is also resistant to various acid attacks
[15]. Table 8 illustrates that complete recovery of molybdenum in
the molybdenum disulﬁde CRM, NIST 333A, was achieved using a
mixture of 4 mL nitric acid and 2 mL sulfuric acid. When sulfuric
and nitric acids were tested individually for the dissolution, how-
ever, less than 50% of themolybdenumwas recovered in both cases.
Aqua regia was also tested and returned unsatisfactory results.
Under moderate infrared heating in a sulfuricenitric acid medium,
this sulfur-rich sample was completely digested without any pre-
treatment, such as a lengthy roasting procedure to remove the
sulfur. Under these conditions, no elemental sulfur was observed
during the digestion and it appears that the sulfur in the sample
was oxidized thoroughly either by nitric acid or by reaction with
sulfuric acid, and was converted into sulfuric acid or sulfur dioxide,
as reported by Berzelius in the early 19th century [16]. The disso-
lution chemistry of molybdenum is, however, rather complicated as
the formation of various products is possible [17]. Molybdenum(VI)
is generally stable in oxidative conditions and typically forms the
molybdate anion (MoO42). It is possible that the molybdenum forms
a complex, ([MoO2(SO4)2]2-), with the sulfate ions from the sulfuric
acid [18].
3.4. Special case: antimony ore
A high-grade, non-certiﬁed antimony sulﬁde ore, LM-05, from
Honduras was received for Sb determination. Several avenues were
pursued for the digestion, including nitric acid and aqua regia; both
delivered numbers less than 20%. An experiment was also carried
out using aqua regia and 1 mL HF that recovered a signiﬁcantly
higher level of antimony. Typically HF would be employed to break
apart silicate lattices to expose elements that might be encapsu-
lated. In this application, however, HF complexes antimony as the
stable ion, SbF6 , since there was excess ﬂuoride available in the
solution. It is also important to note that many methods used to
digest samples take the sample to or nearly to dryness. Under those
conditions, antimony, as well as other elements, can be lost by
volatilization [19]. Since hydroﬂuoric acid is very hazardous, and its
use should be avoided unless absolutely necessary, HF was replaced
by NH4F to generate HF in-situ so that the potential for exposure of
the operator to HF could be reduced. This method generated sta-
tistically similar results to the aqua regia, HF method. Table 9
summarizes the results of these four methods that were
explored. The levels of antimony that were determined using
method 3 and 4 in Table 8, were both in good agreement with the
suggested value that was provided by the supplier. The table also
illustrates the ease of method development, whenmethods require
only 10 min for digestion. In fact, with the 6-channel digester, 6
different acid formulations could be tested simultaneously for even
faster method development, provided that they all require the
same heating.
4. Conclusion
In this investigation it was determined that essentially complete
recoveries of Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Ti, W, and Zn in theirTable 9
Antimony concentration (mean ± 95% conﬁdence intervals) determination in LM-05
by various digestion methods.
Method description Sb (%)
Method 1 6 mL HNO3 18.9
Method 2 2 mL HNO3 þ 6 mL HCl 19.2
Method 3 (n ¼ 4) 2 mL HNO3 þ 6 mL HCl þ 1 mL HF 56.6 ± 1.9
Method 4 (n ¼ 6) 6 mL HNO3 þ 0.5 g NH4F 55.3 ± 0.8
Y. Wang et al. / Analytical Chemistry Research 7 (2016) 17e2222ores can be achieved in 10 min or less. The application of perchloric
acid was eliminated, and sources of ﬂuoride were applied, not to
open silicate matrices, but to stabilize speciﬁc analytes in solution.
Avoidance of these acids results in safer working conditions for the
operator. Methods can be developed with the infrared digester that
emphasize safety, cost effectiveness, and simplicity. Furthermore, it
was determined that, by direct irradiation of sample particles using
infrared radiation, base metals in various ores can be completely
digested in a fraction of the time it takes using microwave or hot
block digestion while maintaining, or improving accuracy and
precision, with z scores less than or equal to 2.
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